Filamentous cyanobacteria of the genus Anabaena contain a unique open reading frame, rbcX, which is juxtaposed and cotranscribed with the genes (rbcL and rbcS) encoding form I ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO). Plasmid constructions containing the genes from Anabaena sp. strain CA were prepared, and expression studies in Escherichia coli indicated that the product of the rbcX gene mimicked the ability of chaperonin proteins to facilitate the proper folding of recombinant RubisCO proteins. The purified recombinant Anabaena sp. strain CA RubisCO, much like the RubisCO enzymes from other cyanobacteria, was shown not to undergo inhibition of activity during a time course experiment, and the properties of this chaperoned recombinant protein appear to be consistent with those of the enzyme isolated from the native organism.
Ribulose 1,5-bisphosphate (RuBP) carboxylase/oxygenase (RubisCO) is an important catalyst which serves as the cornerstone enzyme of the Calvin-Benson-Bassham reductive pentose phosphate pathway of carbon dioxide assimilation. Two major structural forms of this enzyme, form I and form II, have been described, the catalytic (large) subunits of which are only slightly related (25) . Unlike the form II enzyme, the form I RubisCO is also comprised of a second polypeptide, the small subunit. In cyanobacteria, the large and small subunits are encoded by the rbcL and rbcS genes, respectively, while in proteobacteria, these proteins are encoded by the cbbL and cbbS genes, which often are found associated with many additional structural and regulatory genes of the Calvin-BensonBassham pathway (8) . Recently it was found that the genes in and around the rbcL and rbcS genes of three species of Anabaena are organized differently from the corresponding genes in other cyanobacteria (15, 16) . Specifically, a gene encoding RubisCO activase (rca) is located downstream from rbcS (16) , with another open reading frame, rbcX, juxtaposed and cotranscribed with the rbcL and rbcS genes of Anabaena sp. strain PCC 7120 (12) as well as Anabaena variabilis and Anabaena sp. strain CA (16) . Transcription of the rbcLXS operon is differentially regulated relative to rca expression in Anabaena sp. strain CA (16) , with rca transcription preceding the appearance of rbc message after a dark-to-light shift. These studies suggest that RubisCO activase might play an important physiological role. Indeed, since various phosphorylated intermediates often accumulate in cyanobacteria in the dark, by analogy to eukaryotic systems (20) , the early transcription of rca might signify the need of the organism to use RubisCO activase to catalyze the removal of such metabolic inhibitors (23) from RubisCO. Inasmuch as it is difficult to obtain from recombinant and native sources, large amounts of RubisCO required to examine the role of RubisCO activase in mediating the catalytic properties of Anabaena RubisCO (2, 12, 23) , elucidation of the factors which affect the recovery of active recombinant enzyme is crucial. Previous difficulties in overexpressing the Anabaena sp. strain PCC 7120 rbcL and rbcS genes to yield high levels of active enzyme in Escherichia coli (10) were found to be due to problems in protein folding in the E. coli cellular environment. Interestingly, misfolding problems could be overcome by simultaneous oversynthesis of chaperonin proteins cpn60 (GroEL) and cpn10 (GroES) under conditions of limited (slow) growth (12) . Yet in Anabaena itself, the RubisCO polypeptides are obviously folded and subsequently assembled to yield active enzyme, with no evidence for the production of insoluble, misfolded RubisCO protein (2, 23) . Low levels of RubisCO protein synthesis in Anabaena preclude the convenient isolation of the required amounts of enzyme from this source. Moreover, due to the position of the rbcX gene relative to rbcL and rbcS, a previous study considered whether the rbcX product might influence the recovery of active recombinant enzyme. Under conditions favoring maximum cpn60 and cpn10 synthesis (growth at a lower-than-optimum temperature) and high-level recombinant RubisCO activity recovery, it was concluded that the Anabaena sp. strain PCC 7120 rbcX gene product does not influence the levels of RubisCO activity in extracts of E. coli (12) . In the present study, while examining the function of the rbcX and rca genes of Anabaena sp. strain CA, we discovered that the rbcX product had a strong influence on the levels of recombinant RubisCO activity recovered from E. coli cells grown under optimal conditions, suggesting a chaperonin-like function of RbcX.
Bacterial strains and plasmids. All plasmids were propagated in E. coli JM109 grown in Luria-Bertani medium (17) containing 50 g of kanamycin per ml. Induction of recombinant protein synthesis in E. coli and preparation of cell extracts for assay and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were done as previously described (16) . Plasmid PKY206 contained the groESL genes of E. coli, resulting in the synthesis of large amounts of cpn60 and cpn10 (18) .
RubisCO assay and enzyme purification. RubisCO was assayed radiometrically (7) with specific modifications for each experiment (see Table 1 and the legend to Fig. 2) . The lysate and the soluble fraction obtained after centrifugation at 12,000 ϫ g of isopropyl-␤-D-thiogalactopyranoside (IPTG)-induced cells of E. coli JM109 (15) were analyzed by SDS-PAGE followed by protein staining or immunoblot analysis to determine if the soluble fraction contained recombinant large-or small-subunit polypeptides (7) .
Recombinant RubisCO synthesis. No typical stem-loop transcriptional terminator structures, except perhaps for sequences that appear to show relatively insignificant folding capacity, were found within the region between the rbcL and rbcS genes of Anabaena sp. strain CA by computer analysis (16) . Thus, these two genes were separately cloned for heterologous expression. Since the region which might lead to RNA folding is in close proximity to the 3Ј end of rbcL, the EcoRI site in the center of the intergenic region, within rbcX, was a convenient site at which to detach the rbcL and rbcS genes (Fig. 1) . The EcoRV-EcoRI rbcL-containing fragment and the EcoRI-DraI rbcS-containing fragment were ligated behind the lac promoter of pK19 to form plasmids pL1 and pS5, respectively. The Plac-rbcS transcription fusion of pS5 was subsequently ligated into pL1, generating a new construct, pLS23. Plasmid pLS23 enabled the rbcL and rbcS genes to be transcribed separately from identical promoters in a single host cell. In addition, the expression levels of the two genes would not be affected by plasmid copy dosage since they were cloned in the same plasmid. However, the rbcX gene was disrupted by this construction. The intact rbcLXS gene cluster was also cloned behind a lac promoter (pLS32) (Fig. 1) .
When recombinant large and small subunits of RubisCO were synthesized in E. coli JM109(pL1) and E. coli JM109 (pS5), respectively, each of the proteins was insoluble and precipitated after a crude lysate was centrifuged at 12,000 ϫ g. Solubility was restored when these two subunits were synthesized in the same cells with plasmid pLS23 or pLS32 (Table 1) . RubisCO activity was barely detectable in the lysate of E. coli JM109(pLS23), in which the rbcX gene was disrupted. However, the lysate of E. coli JM109(pLS32), which contained an intact rbcX gene, showed an activity that was nearly 15-fold higher than the activity in the lysate of E. coli JM109(pLS23). The activity was substantially increased when each plasmid was cotransformed with pKY206, a plasmid which leads to constitutive and enhanced synthesis of the cpn60 (GroEL) and cpn10 (GroES) proteins of E. coli. The cpn proteins appeared to have a stronger impact on the pLS23 clone, such that cotransformation with pKY206 raised RubisCO activity about 40-fold, while the specific activity in crude lysates of cells containing plasmid pLS32 was increased about 5-fold (Table 1 ). Since the lysate of E. coli JM109(pLS32/pKY206) exhibited the highest activity, the Anabaena sp. strain CA RubisCO protein was purified from this recombinant clone.
In vitro characterization of recombinant Anabaena sp. strain CA RubisCO. In contrast to plant and most bacterial form I enzymes, the chaperoned recombinant Anabaena sp. strain CA RubisCO exhibited a linear increase in activity during a 30-min time course (Fig. 2A) . Inhibition during the time course of the reaction, or "fallover," is diagnostically observed since protonated inhibitory analogs of RuBP are formed during catalysis. These compounds, 3-ketoarabinitol 1,5-bisphosphate and xylulose 1,5-bisphosphate, formed by all sources of RubisCO (20) , apparently did not inhibit the recombinant Anabaena enzyme. Moreover, RuBP itself did not retard the conversion of the unactivated Anabaena RubisCO into the active ternary complex, or the enzyme-CO 2 -Mg 2ϩ (ECM) state of the enzyme. About half the carboxylase activity was recovered when the RuBP-bound enzyme was activated with 20 mM NaHCO 3 -10 mM MgCl 2 for 1 min; after 7 min of activation, the level of carboxylation was similar to that for the ECM form (Fig. 2B) . In these experiments, 4 mM RuBP was included in the activation step to ensure that the release of RuBP from the unactivated form of the enzyme was not due to a change in the equilibrium after the volume increase. The difference in specific activity shown in Fig. 2 is presumably due to the use of preparations stored for different times at 4°C. Preliminary results further indicated that the activity of the recombinant Anabaena RubisCO was inhibited by incubation of the ECM form with 2-carboxyarabinitol 1-phosphate (CA1P) before ini- (21) . Plasmid pS5, bearing the EcoRIDraI rbcS-containing fragment, was subcloned from plasmid pRK415::E4.3, which bears the 4.3-kb EcoRI rbcS-and rca-containing fragment in pRK415 (11) . This was accomplished after double digestion at the BamHI site, a site within the multiple-cloning region of the vector, and at the DraI site, followed by ligation to the BamHI-SmaI sites of pK19. The PvuII fragment, containing the Plac-rbcS fusion of pS5, was subsequently ligated into the NheI site of pL1, yielding plasmid pLS23. Plasmid pLS23 bears the EcoRV-DraI fragment, which contains the whole rbcLXS operon, behind a single lac promoter. The RubisCO activase expression plasmid pK18::EV1.7-2 was constructed as described previously (16) . Vectors (thin solid lines) used to clone the Anabaena DNA fragments (thick solid lines) are indicated beside each construct. The arrows indicate the transcriptional orientation of the Anabaena genes and the lac promoter (Plac) of each plasmid. Only one DraI site is shown, and the restriction sites indicated with lowercase letters are those that are inactivated after cloning. B, BamHI; D and d, DraI; E, EcoRI; EV and ev, EcoRV; H, HindIII; hc, HincII; Hp and hp, HpaI; N and n, NheI; P and p, PvuII; S and s, SmaI.
tiation of carboxylation. The Anabaena sp. strain CA enzyme appeared to be much less sensitive to this physiological inhibitor than plant RubisCO; however, the level of inhibition was not precisely quantitated due to difficulties in obtaining enough CA1P for thorough analysis.
Chaperonin-like function of RbcX. The large and small subunits of Anabaena sp. strain CA RubisCO sedimented with cellular debris after crude lysates of separately synthesized recombinant subunits were prepared in E. coli. These results indicated that subunit monomers formed improperly folded, insoluble aggregates in the absence of the companion subunit polypeptide. A similar phenomenon was observed when attempts to express the rbcL gene of Zea mays in E. coli were made (5). In addition, when large subunits of Anabaena sp. strain PCC 7120 RubisCO were synthesized in great excess relative to small subunits in E. coli, the extra large subunits also became insoluble (10) . By contrast, the large and small subunits of RubisCO from the unicellular cyanobacterium Synechococcus sp. strain PCC 6301 retained most, if not all, of their solubility when synthesized independently in E. coli cells. In cell extracts, a majority of the recombinant Synechococcus large subunits were assembled into L 8 octomers, while the small subunits were found predominantly in the form of free monomers. Active holoenzymes could be reconstituted spontaneously by mixing crude preparations of each subunit (1, 14, 19) . The differences in solubility suggest that interactions between large and small subunits favor an equilibrium where assembly of the holoenzyme is the favored pathway, thus stabilizing the L 8 S 8 structure and its folding or assembly intermediates. This scenario appears to be much more pronounced for the Anabaena RubisCO than the Synechococcus enzyme. It appears that several conserved amino acid residues of the Anabaena sp. strain PCC 7120 and Synechococcus sp. strain PCC 6301 small subunits may be important for the formation of a soluble and functional holoenzyme (4, 13) . It is also possible that the Anabaena and Synechococcus RubisCO holoenzymes are assembled via diverse pathways, although there is no direct evidence to support this idea. Recent studies with the Synechococcus sp. strain PCC 6301 RubisCO suggest that first the large subunits form L 2 dimers, the L 2 dimers are subsequently tetramerized into L 8 octomers, and finally, small subunits spontaneously associate with the L 8 core to generate the L 8 S 8 structure (4, 9, 14, 19) . It was also suggested that the Anabaena small subunits might be involved in assembly at earlier steps (10) . The other possibility is that other components are required for RubisCO folding and assembly, and a recent report indicates the potential role of the dnaK product in the folding of recombinant Chromatium vinosum RubisCO (3).
In this study, the product of rbcX, which is situated between rbcL and rbcS in Anabaena sp. strain CA (16) and Anabaena sp. strain PCC 7120 (12) , is further shown to influence the recovery of active, and presumably properly folded, recombinant Anabaena sp. strain CA RubisCO. It should be pointed out, as described previously (16) , that other (unicellular) cyanobacteria, including Synechocystis sp. strain 6803, contain a similar sequence in the region between rbcL and rbcS. Elimination of expression of the putative rbcX gene by independent transcription of rbcL and rbcS from two lac promoters on one plasmid (pLS23 of this study), resulting in the deletion of much of rbcX from the operon, decreased the production of active RubisCO. Moreover, RubisCO activity increased 41-fold when pLS23 was cotransformed with the cpn60-and cpn10-encoding plasmid pKY206. Lack of expression of rbcX appeared to demand the presence of a large excess of chaperonin proteins for The activity of RuBPbound unactivated RubisCO (ER) was measured after preincubation in the activation buffer for the indicated time periods as previously described (15) . The unactivated form of RubisCO was generated by gel filtration of the purified enzyme through an Econo-Pac 10DG column (Bio-Rad, Hercules, Calif.) with 0.1 M HEPES buffer, pH 8.0. RuBP (0.5 mol) was then added to the unactivated form of RubisCO for various time intervals (activation step) before carboxylase activity was measured in a 1-min assay by adding the activated enzyme to the RubisCO assay solution. Assays were performed at 30°C in HEPES, pH 8.0, plus 20 mM NaHCO 3 (containing 8 Ci of NaH 14 CO 3 ), 10 mM MgCl 2 , and 0.8 mM RuBP. the formation of the L 8 S 8 structure. These results imply that the product of rbcX might play some role in the proper folding and subsequent assembly of Anabaena RubisCO. From the results of a prior study with Anabaena sp. strain PCC 7120 genes (12) , and the present investigation with genes from Anabaena sp. strain CA, it is apparent that the function of RbcX is manifest only when cpn60 and cpn10 synthesis is not maximized. Unlike the RubisCO-binding-protein sequence, the deduced amino acid sequence of rbcX showed little similarity to the sequences of known chaperonin proteins. Obviously, much more work is required to determine if the gene product of rbcX is actually involved in CO 2 fixation, but the preliminary results thus far generated certainly suggest that it is. The key position of rbcX in the rbcLXS operon presumably is not fortuitous.
Finally, biochemical studies with recombinant Anabaena sp. strain CA RubisCO indicated that the regulatory properties of the Anabaena enzyme were quite different from those of plant RubisCO yet quite similar to those of the Synechococcus sp. strain PCC 6301 enzyme, which is not influenced by RbcX or any discernible homolog (5, 24) . The unactivated form of Anabaena RubisCO was easily dissociated from RuBP when HCO 3 Ϫ and Mg 2ϩ were provided, thus allowing activation to proceed rapidly. Fallover is thus not a phenomenon that appears to be influenced or mediated by RbcX, as the recombinant Anabaena sp. strain CA enzyme of this study exhibited properties similar to those of enzyme previously isolated from both Anabaena sp. strain CA itself (23) and A. variabilis (2) . cpn10-and cpn60-chaperoned recombinant RubisCO from Anabaena sp. strain PCC 7120 likewise had enzymatic properties similar to those of cyanobacterial enzymes previously studied (12) . It is interesting that some degree of inhibition by preincubation with CA1P was demonstrated; however, the fact that inhibition was not as significant as that imposed on the plant enzyme in these preliminary experiments certainly attests to the importance of studies on the role in Anabaena of RubisCO activase, whose gene (rca) is downstream from the rbcLXS operon (16) .
